The extent to which highly active antiretroviral therapy can restore thymic function in HIV-1 infected patients is not known. We simulate treatment using a temporal model of thymopoiesis during HIV-1 infection, tracking thymic function by the number of recent thymic emigrants (RTE) exported to the periphery per day. Our results suggest that suppressing viral load in peripheral blood and improving inherent thymic function are necessary for the reconstitution of RTE levels in adult thymic infection with either R5 or X4 HIV-1 strains. This is also the case in pediatric thymic infection with R5 strains. However, recovery of RTE levels during pediatric infection with X4 strains also depends on high drug efficacy within the thymus. We further predict that protease inhibitors have high levels of efficacy directly suppressing viral replication within the thymus, while reverse transcriptase inhibitors have low efficacy.
Introduction

HIV-1 infection induces a progressive decline of peripheral CD4
ϩ T cells which leads to immunodeficiency and opportunistic infections. Highly active antiretroviral therapy (HAART) with combinations of viral protease and reverse transcriptase inhibitors is the most widely used treatment strategy for HIV-1 infection. Evidence accumulated in the past decade has proven that HAART is remarkably successful at suppressing viral load [1] . However, most HIV-1-infected patients only achieve partial immune system recovery during HAART. This partial reconstitution is represented by a proliferative response to only some recall antigens [1] .
The thymus provides new naive T cells to the periphery that are capable of responding to both recall and new antigens. This response is necessary for immune recovery in HIV-1-infected patients. Therefore, thymic function reconstitution is critical. During HAART, naive T cells have been observed to increase [2] [3] [4] [5] , which may be due to an increased number of recent thymic emigrants (RTE) exported from the thymus. T cell receptor excision circles (TREC), which are generated during T cell receptor gene rearrangements within the thymus, have recently been used to represent RTE levels [6] . Several clinical studies demonstrate recovery of TREC concentrations to normal levels in some patients during HAART [2, 6, 7] . Increased thymic volume has been observed in some HIV-1-infected patients during treatment [5, 8, 9] . Recent data suggest that thymic enlargement in adults represents active thymopoiesis [10] . Larger thymic size with elevated CD4
ϩ T cell counts and TREC levels were also observed together after HAART was initiated, implying a pivotal role of the thymus in immune reconstitution [5, 11] . Children have both earlier and greater increases in naive T cells and TREC concentrations than adults [2, 4, 7] , suggesting that the thymus is more active in children and therefore has a higher potential for immune reconstitution. These data imply that recovery of thymic function could occur in HIV-1-infected patients on HAART. However, specific mechanisms that contribute to this recovery are not known.
The presence of HIV-1-infected cells in various tissue compartments, including the thymus, central nerve system, and testes, may be due to low accessibility of drugs to those sites. These anatomical HIV-1 reservoirs have blood-organ barriers where HIV-1 replication is protected from drugs [12, 13] . No data have been reported describing the ability of HAART agents to cross the blood-thymus barrier and penetrate into the thymus. However, patients with thymic carcinoma have been observed to achieve positive responses with systemic chemotherapy, suggesting that certain drugs have consistent efficacy within the thymus [14] . Several studies have also detected the penetration of nucleoside reverse transcriptase inhibitors into cerebrospinal fluid (CSF), including lamivudine, stavudine, and zidovudine [15] [16] [17] . Concentrations within CSF were consistent over time, unlike those within blood [15] . Lamivudine concentrations in both serum and CSF increase proportionally with dosage [17] . Penetration of protease inhibitors, such as indinavir, ritonavir, and saquinavir, into CSF and testes has also been observed [18, 19] . Drug penetration improves the potency of the regimen in these anatomical HIV reservoirs. We hypothesize that, similarly, the ability of antiretroviral drugs to enter the thymus is a critical issue in the treatment of thymic HIV-1 infection.
We have developed a mathematical model describing human thymopoiesis during both health and HIV-1 infection in pediatric and adult patients [20, 21] . Applying this model, we explore mechanisms that contribute to thymic function reconstitution during HAART. This study will help to identify treatment strategies that induce an increase in the number of RTE produced per day through restoration of thymic function.
Materials and methods
Patient studies
We present data from 14 HIV-infected infants who were infected through perinatal transmission and who were treated with antiretroviral agents in the first 6 months of life (Table 1) . Five of these had a peripheral blood immunophenotypic profile consistent with thymic dysfunction (TD ϩ ), which includes very early and profound CD4 ϩ and CD8 ϩ T lymphocyte decreases, as previously described [22] . Since current treatment recommendations for HIV-infected infants dictate combination regimens as soon as HIV ϩ status is diagnosed (usually within the first 3 months of life), identification of TD ϩ infants has been limited to only those cases where maternal HIV ϩ status is unknown at the time of birth. Therefore, most of the data used in this study are from the pre-HAART era, when therapy was based on nucleoside reverse transcriptase inhibitors, and was initiated based on clinical or laboratory indications of disease progression. Four of the 5 TD ϩ patients were initiated on antiretroviral therapy with zidovudine or zidovudine/didanosine between 5 and 6 months of age due to a marked CD4 ϩ T lymphocyte decline (patients 1-4). The 5th patient was initiated on a zidovudine/lamivudine/ritonavir combination regimen soon after initial presentation with Pneumocystis carinii pneumonia at 3 months of age (patient 5). Nine HIV-infected infants without thymic dysfunction profile (TD Ϫ ), who concurrently started therapy between 5 and 6 months of age, were also selected for comparison. Seven of the 9 TD Ϫ patients were treated with nucleoside analogue reverse transcriptase inhibitors (patients 6 -12), and 2 were on HAART (patients 13 and 14; unpublished data generously donated by Dr. van Rossum) [23] .
Mathematical models
We developed mathematical models illustrating human thymopoiesis and thymic HIV-1 infection [20, 21] . We now apply these models to investigate thymic function recovery during HAART in HIV-1 patients. The previous models and current treatment methods are detailed below.
Thymopoiesis model
We previously developed a mathematical model illustrating human thymopoiesis over an 80-year lifespan [20] . Hemopoietic progenitor cells from bone marrow migrate into the thymus and differentiate into triple negative (TN) cells. TN cells then differentiate into intrathymic T progenitor (ITTP) cells, double positive (DP) cells, and either CD4 ϩ single positive (SP4) or CD8 ϩ single positive (SP8) cells sequentially. A subset of SP4 and SP8 cells migrate into the periphery to become CD4 ϩ or CD8 ϩ RTE (Fig. 1) . This model quantifies the number of RTE exported per day from the thymus over 80 years, which cannot be experimentally measured at present [20] .
Thymic infection model
Building on the thymopoiesis model described above, we then studied human thymic infection with different HIV-1 strains in pediatric and adult patients, respectively [21] . HIV-1 isolates that use CCR5 as a coreceptor are termed R5 strains, while isolates using CXCR4 as a coreceptor are designated X4 strains [24] . Either R5 or X4 strains may influx from the periphery into the thymus. R5 strains infect , and SP8 cells. SP4 and SP8 cells emigrate to the periphery as RTE [20] . R5 or X4 strains flow in from the blood into the thymus and infect thymocyte subsets. Infected thymocytes further differentiate and generate new virions [21] . The effects of HAART are represented by plus or minus signs on cell and viral dynamics. Plus signs suggest an increase while minus signs suggest a decrease. HAART decreases viral influx from the blood into the thymus, increases the source of stem cells from bone marrow into the thymus, increases the maximal cell numbers in the thymic epithelial space (TES), and decreases the enhanced death of uninfected thymocytes. If HAART drugs can penetrate into the thymus, thymic drug efficacy is represented by a decrease in viral infection and production rates. Model equations and parameter values representing treatment effects are illustrated in the Appendix. DP and SP4 cells while X4 strains infect ITTP, DP, and SP4 cells [21] . Infected subsets can further differentiate into next-stage thymocytes. New virions are generated by infected thymocytes and emigrate to the periphery (Fig. 1) . Thymic infection also accelerates the death rate of uninfected thymocytes and involution of the thymic epithelial space (TES), which is the functional thymic tissue containing all thymocytes. The level of hemopoietic progenitor cells decreases due to bone marrow HIV-1 infection [21] . Our model results suggested that thymic infection with different HIV-1 strains induces thymic dysfunction to varying degrees, contributing to differences in disease progression as is observed in both HIV-1-infected children and adults. This model also suggests that thymic infection in children is more severe than in adults, particularly during X4 infection. This outcome is likely due to both a higher viral load and a more active thymus in pediatric patients [21] .
Thymic treatment model
We now apply the thymic infection model [21] to study mechanisms related to thymic function reconstitution during HAART. Model equations and parameter values representing treatment effects are detailed in the Appendix.
Drug-naive patients who are virological responders to HAART achieve undetectable levels of plasma HIV-1 RNA within 3 months of therapy in an exponential manner (Յ100 copies RNA/ml) [3, 8] . To simulate the reduction of blood viral load during HAART, the rate of viral influx into the thymus is decreased to a low, constant level after initiating treatment for 3 months (Fig. 1, minus signs) . We suppress the rate of viral influx from blood into the thymus to the same levels for pediatric and adult patients.
TREC concentrations within CD4 ϩ and CD8 ϩ naive T cells were observed to have a sustained rise for up to 1 year after initiation of HAART together with the suppression of viral load [2, 6, 7, 25] . This indicates that recovery of thymic function lasts for an extended time after blood viral load is initially suppressed. Other factors may also aid thymic function recovery during HAART. Increased numbers of hemopoietic progenitor cells from the bone marrow were observed after initiation of HAART, which may increase the stem cell source into the thymus [26, 27] . To reproduce this effect, the term representing the source of stem cells is augmented (Fig. 1, plus sign ). An increased volume of thymic tissue was detected in patients after HAART was initiated [5, 8, 9] . Both phenotype and function of thymocytes return to normal following antiretroviral treatment in SCID-hu mice [28, 29] . The recovery of stromal cell function and normalization of the cytokine network may account for this restoration in thymic function. Thus, we increase the maximal cell numbers in the TES region (Fig. 1, plus sign) and decrease the enhanced death of uninfected thymocytes during HAART (Fig. 1, minus signs) .
We simulate drug efficacy within the thymus by reducing viral infection and production rates (Fig. 1, minus signs) . We vary drug efficacy from 0 to 100%, depending on the assumption of drug penetration into the thymus.
Results
Impact of HAART on pediatric thymic function
Vertical HIV-1 infection typically occurs during delivery or in late-stage pregnancy [30] ; therefore, we simulate infection occurring at birth. Currently, infected infants are initiated on HAART very early in life. Similarly, in our virtual pediatric thymus model, HAART is initiated 3 months after birth. As drug efficacy within the thymus is not known, we simulate a range of thymic drug efficacies (0 and 100%) for comparison of total uninfected thymocytes and SP4/SP8 ratios, respectively (Fig. 2) . In healthy individuals (no treatment), total thymocytes increase to their maximal value from birth to age 1 and then gradually decrease; the SP4/SP8 ratio remains a constant of 2 ( Fig. 2, solid lines) . When either R5-or X4-infected individuals are initiated on HAART in the virtual model, rapid rises in total thymocytes and SP4/SP8 ratio are predicted in both 0% thymic drug efficacy (Figs. 2A and 2B, dotted and dashed lines) and 100% thymic drug efficacy (Figs. 2C and 2D, dotted and dashed lines). This stems both from suppression of blood viral influx and from recovery of inherent thymic function. Decreasing the rate of viral influx benefits all thymocyte subsets, since it directly reduces intrathymic viral load, reducing the number of infected cells. Thus, our model suggests that control of peripheral HIV-1 loads during treatment is a key determinant in restoring thymocytes. The continuing increase in total thymocytes and SP4/SP8 ratio is further due to an increase in stem cell source, an increase in the number of thymocytes in the TES region, and a decrease in enhanced death of uninfected thymocytes. This suggests the need for a treatment strategy aimed at improving inherent thymic function, such as recovering stromal cell function, normalizing the cytokine network, or controlling inflammation. These approaches should be considered together with suppression of peripheral viral replication to achieve maximal restoration of thymic function.
Even without thymic drug efficacy, our virtual studies indicate that pediatric patients infected with R5 strains should respond well to HAART. Total thymocytes and the SP4/SP8 ratio rebound to almost normal ( Figs. 2A and 2B , dotted lines); intrathymic R5 viral load and R5-infected thymocytes are suppressed to very low levels (simulation data on HAART not shown). However, simulated individuals infected with the more virulent X4 strains respond poorly to HAART if there is no thymic drug efficacy. Total thymocytes recover to less than 30% compared with healthy individuals and the SP4/SP8 ratio does not return to normal ( Figs. 2A and 2B, dashed lines) ; intrathymic X4 viral load and X4-infected thymocytes rise to high levels due to the availability of more target cells for X4 strains (simulation data on HAART not shown). In contrast, if drugs achieve 100% efficacy within the thymus, total thymocytes and SP4/SP8 ratio return to almost normal levels during either R5 or X4 infection (Figs. 2C and 2D, dotted and dashed lines). This effect is achieved by direct control of viral replication within the thymus. With 100% thymic drug efficacy, intrathymic viral load and infected thymocytes are suppressed to very low levels for either R5 or X4 infection (simulation data on HAART not shown). Our results predict that X4 strains are more virulent during pediatric infection and are difficult to control exclusively through suppression of blood viral load.
In HIV-1-infected patients, TREC concentrations and naive T cell numbers were measured to monitor thymic output of RTE after initiation of HAART [2] [3] [4] [5] [6] [7] . TREC concentrations in some patients have been observed to recover to normal levels during HAART [2, 6, 7] . A recovery in naive T cell levels was characterized after HAART is initiated in HIV-1-infected patients [3, 4] . We compute the number of total CD4 ϩ and CD8 ϩ RTE per day in pediatric patients to predict RTE dynamics during HAART. Total CD4 ϩ and CD8 ϩ RTE levels per day in healthy individuals increase to their maximum at age 1 and then decrease due to thymic involution (Fig. 3, solid lines) . HAART induces a recovery of total RTE levels per day to almost normal during pediatric R5 infection, regardless of thymic drug efficacy (Fig. 3A, dotted lines) . However, thymic drug efficacy contributes greatly to RTE levels per day during X4 infection under HAART. With the increase in thymic drug efficacy from 0 to 100%, HAART can reconstitute RTE levels per day during X4 infection ( Fig. 3B, dotted lines) .
Different thymic drug efficacies in pediatric patients
Thymic dysfunction was hypothesized in a subgroup of HIV-1-infected children (approximately 15%) who have faster disease progression and marked early decreases in CD4 ϩ and CD8 ϩ T cell counts compared with most pediatric patients [22] . We demonstrated through modeling that thymic infection with X4 strains induces thymic dysfunction, correlating with a faster disease progression in a subgroup of HIV-1-infected children, while thymic infection with R5 strains occurs in most pediatric patients who follow a typical disease progression [21] . To explore optimal strategies for recovery of thymic function, we study antiretroviral drug efficacy in the thymus by simulating the number of CD4 ϩ RTE produced per day during thymic R5 or X4 infection under different treatment regimens. Since most newly generated T cells are derived from the thymus in young children, tracking changes in CD4 ϩ RTE levels per 
. Simulations of CD4
ϩ RTE exported from the thymus per day predict clinical data on CD4 ϩ T cell count in blood for pediatric patients during HIV-1 treatment. Model simulation of HIV-1 infection occurring at birth and treatment initiating at 3 months of age designated by the arrow. A represents CD4 ϩ T cell counts in the blood for four TD ϩ HIV-1-infected children and seven TD Ϫ HIV-1-infected children during nucleoside analogue treatment initiating between 5 and 6 months of age (see Table 1 ). The median and range (from the 10th to the 90th percentile) of CD4 ϩ T cell counts in an uninfected cohort of children serve as the control [22] . B represents CD4 ϩ T cell counts in the blood for one TD ϩ HIV-1-infected child during HAART initiated at 3 months of age and for two TD Ϫ HIV-1-infected children during HAART initiated at age of 5 months (see Table 1 ), median and range (from the 10th to the 90th percentile) of CD4 ϩ T cell counts in an uninfected cohort of children as control [22] . C represents three model simulations of CD4 ϩ RTE per day during no infection, infection with R5, and infection with X4 when treatment starts at 3 months of age with low thymic drug efficacy. The 0% thymic drug efficacy is plotted as an example of low thymic drug efficacy. D represents three model simulations of CD4 ϩ RTE per day during no infection, infection with R5, and infection with X4 when treatment starts at 3 months of age with high thymic drug efficacy. The 100% thymic drug efficacy is plotted as an example of high thymic drug efficacy. day represents, or at least are proportional to, clinical data on CD4 ϩ T cell levels in blood (see [21] ). During the time when HIV-1-induced thymic dysfunction was first described, therapy included only one or two nucleoside analogues of reverse transcriptase inhibitors. In Fig. 4A , solid lines represent the median and range (from the 10th to the 90th percentile) of CD4 ϩ T cell counts in blood for an uninfected cohort of children [22] . Treatment initiation with nucleoside analogues does not induce a CD4
ϩ T cell rebound in TD ϩ HIV-1-infected children (dashed lines) ( Currently, most HIV-1-infected children are followed from birth and initiated very early on HAART, which now includes at least one protease inhibitor. Therefore, most children within the United States do not experience a severe drop in CD4 ϩ T cell counts, and children with thymic dysfunction are rarely seen in the clinic. Shown in Fig. 4B are the median and range (from the 10th to the 90th percentile) of CD4 ϩ T cells in blood for a cohort of uninfected children (solid lines) [22] and CD4 ϩ T cell counts for one TD ϩ patient (dashed line) ( ϩ T cell levels very early after initiation of HAART, approaching the normal range of CD4 ϩ T cells in uninfected individuals. Our model predicts that HAART agents have high thymic drug efficacy (Fig. 4D) . As we demonstrated above that nucleoside analogues have low thymic drug efficacy, our results suggest that high thymic efficacy of HAART agents is mainly achieved through protease inhibitors. Another possibility is that the combination of nucleoside analogues and protease inhibitors reaches high efficacy within the thymus. Assuming that TD Ϫ and TD ϩ patients are infected by R5 and X4 strains, respectively, our model shows that HAART can induce reconstitution of CD4 ϩ RTE levels per day for both TD ϩ and TD Ϫ patients. This may be related to a high efficacy of protease inhibitors to directly control X4 viral replication within the thymus.
Impact of HAART on adult thymic function
To study thymic function recovery in HIV-1-infected adults, we initiate treatment in the third month of HIV-1 infection in a virtual group aged 30. In healthy individuals without HAART, total thymocytes gradually decrease due to normal thymic involution and the SP4/SP8 ratio remains at 2 (Figs. 5A and 5B, solid lines) . During HIV-1 infection without thymic drug efficacy, HAART retrieves total thymocyte numbers and the SP4/SP8 ratio returns to almost normal levels for either R5 or X4 infection (Figs. 5A and 5B, dotted and dashed lines). Similar results for total thymocyte number and SP4/SP8 ratio are also obtained if drugs achieve 100% efficacy within the thymus (simulation data on HAART not shown).
Total numbers of CD4 ϩ and CD8 ϩ RTE per day in healthy individuals aged 30 gradually decrease (Figs. 5C and 5D, solid lines). HAART restores total RTE levels per day for either R5 or X4 infection, which is independent of drug efficacy within the thymus (Figs. 5C and 5D , dotted lines). Our results imply that normal involution of the thymus in adults limits X4 replication, inducing a similar response to treatment as R5 infection. This is in contrast to treatment of X4 infection in children. Consistent with our data, TREC concentrations in some adult virological responders can recover to normal levels [6, 7] . Our model also suggests that treatment initiated later during the course of HIV-1 infection (for example, after 1 year of infection), which is most likely for adults, can eventually restore thymic function to the same levels as treatment initiated in the third month of HIV-1 infection (simulation data on HAART not shown).
Discussion
HAART markedly reduces HIV-1 viral burden in the periphery. Evidence suggests that reconstitution of immune function in HIV-1-infected patients undergoing HAART can occur [1] . The thymus becomes an important target to aid T cell immunity recovery as it provides newly generated T cells that respond to both recall and new antigens. Information on recovery of the thymus would yield substantial new insights about regulation of the human immune system during HIV-1 infection.
We performed virtual treatment trials using an existing model of thymic HIV-1 infection in both children and adults [21] . Our results indicate two phases of thymic restoration after treatment. The first phase results directly from decreasing viral influx from the periphery by suppression of blood viral load. Recent studies have suggested that thymic infection with HIV-1 can be controlled by halting viral influx from blood [2, 6] . The second phase is induced by recovery of inherent thymic function, including limiting thymic inflammation [31] , and normalizing stromal cell function and the cytokine network. Bone marrow may also benefit from suppressing peripheral viral loads, providing more progenitor cells to the thymus [26, 27] . We simulated treatment only for virological responders in order to explore the role of effective therapy on recovery of thymic function. For virological nonresponders, their TREC concentrations do not increase despite therapy [2, 6] , which is consistent with our results that thymic infection cannot be controlled without significantly reducing viral influx into the thymus from blood.
Few data are available regarding thymic penetration and concomitant changes of HIV-1 viral loads during treatment with antiretroviral agents. In the absence of adequate thymic penetration by drugs in a potent antiretroviral therapy regimen, the thymus could become a site in which ongoing viral replication may occur. Our model suggests that drug efficacy within the thymus may play an important role in the reconstitution of thymic function. X4 strains are highly virulent and can replicate to high levels within the thymus during pediatric infection [21] . Our model demonstrates that thymic drug efficacy contributes greatly to the recovery of RTE levels for pediatric X4 infection. High thymic drug efficacy inhibits X4 strain replication within the thymus, benefiting thymic function recovery. On the contrary, pediatric R5 infection can be controlled through suppression of viral influx from the blood alone. Therefore, thymic drug efficacy does not affect thymic function recovery during pediatric R5 infection. The thymus undergoes involution during aging, with a decreased number of target thymocytes in adults. Although thymic X4 infection causes more serious effects than R5 infection in adults, intrathymic X4 viral load in adults is not comparable to pediatric X4 infection, due to a more limited target cell number. Therefore, both adult R5 and X4 infection can be controlled by suppression of viral influx from the blood alone.
We simulate CD4 ϩ RTE levels exported from the thymus per day as a comparison of clinical data on CD4 ϩ cell counts in the blood for pediatric patients under treatment to predict how HAART agents function within the thymus. Our results indicate that reverse transcriptase inhibitors do not sufficiently restore thymic function during X4 infection whereas protease inhibitors do. This implies that protease inhibitors may be able to penetrate the thymus and control X4 infection, while reverse transcriptase inhibitors may not. Another possibility is that both protease and reverse transcriptase inhibitors penetrate the thymus but protease inhibitors have higher efficacy than reverse transcriptase inhibitors. One study ϩ and CD8 ϩ RTE exported per day during HAART. HIV-1 infection occurs at age of 30. The arrow points to the time when HAART is initiated during R5 or X4 infection. A represents total uninfected thymocytes if HAART has 0% thymic efficacy. B represents SP4/SP8 ratio if HAART has 0% thymic efficacy. C represents total CD4 ϩ and CD8 ϩ RTE during R5 infection with different thymic drug efficacies (note that all dotted lines lie on top of one another). D represents total CD4 ϩ and CD8 ϩ RTE during X4 infection with different thymic drug efficacies.
suggests that antiviral nucleosides appear to have limited entry into the brain when given systemically, which may hinder therapy of viral brain diseases, while some protease inhibitors may enter the brain more readily [32] . Such studies, to our knowledge, have not been performed with regard to the thymus. Therefore, determining the physiologic mechanisms that might limit drug access to the thymus and devising methods to ensure delivery and maintenance of drug concentrations in the tissue might be keys to achieving thymic restoration.
Taken together, our model demonstrates that with adequate suppression of viral replication in both thymus and blood during treatment, recovery of thymic function is possible and should aid in overall naive T cell reconstitution. Results from SCID-hu mice have shown that, following HAART treatment, newly reconstituted thymocytes are phenotypically and functionally normal [28, 29] . Later in the course of HAART, the proliferative response of T cells to antigens can recover and TCR repertoires become normalized [11, 33] . Thus, restoration of thymic function should be a goal of HIV-1 treatment. Sustained increases in thymic export may eventually restore immune function.
The rates of change of R5-infected thymocytes (with the superscript R indicating infected cell class) and R5 virus are illustrated below, where boldface letters represent effects of HAART. The effect of treatment on X4 infection is written similarly to that during R5 infection (equations not shown). 
is the rate of viral influx from blood. The initiation of thymic infection with HIV-1 marks time 0. HAART is simulated 3 months after infection in both pediatric and adult models. The function v(t) simulates the reduction of blood viral load during HAART [3, 8] . We suppress the rate of viral influx from blood into the thymus to the same levels for pediatric and adult patients. Ϫt/3 mosϩ1 ͑children͒ 10 Ϫ0.7t/3 mosϩ0.7 ͑adults͒ 0.1 ͑children) 0.2 (adults͒ for 0 Յ t Ͻ 3 mos for 3 mos Յ t Ͻ 6 mos for 6 mos Յ t The function c 1 (t) represents the effect of increased numbers of hemopoietic progenitor cells from bone marrow into the thymus after HAART is initiated [26, 27] . The observed augmented volume of thymic tissue after HAART is represented by the function c 2 (t) [5, 8, 9] . Restoration in thymic function during HAART also decreases the HIV-1-induced death of uninfected thymocytes, illustrated by the function c 3 (t) [28, 29] . 
Drug efficacy within the thymus is represented by multiplying viral infection term and viral production term by the function w(t). If drug efficacy is 0%, w(t) equals 1 at any time. The 100% drug efficacy is described by the following function; different percentages for drug efficacy can be calculated and easily implemented.
w͑t͒ ϭ ͭ 1.0 for 0 Յ t Ͻ 3 mos 0.46 for 3 mos Յ t (15) 
